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Description

[0001] This invention relates to a steering system ac-
cording to the preamble part of claim 1.

[0002] Vehicular steering systems include electric
power steering apparatus and steer-by-wire systems
which are devoid of mechanical linkage.

[0003] An electric power steering apparatus is an aux-
iliary apparatus in which, when while driving a vehicle a
driver turns a steering wheel, a motor is operated to pro-
vide a supplementary steering force or a steering assist
force. In an electric power steering apparatus, a steering
torque signal outputted from a steering torque detecting
part for detecting a steering torque arising in a steering
shaft when the driver turns the steering wheel, and a
vehicle speed signal outputted from a vehicle speed de-
tecting part for detecting the speed of the vehicle, are
used to drive-control an assisting motor for outputting an
auxiliary steering force on the basis of control operation
of a motor control part, to reduce the steering force that
must be applied by the driver. The motor control part sets
atarget current value for a motor current passing through
the motor on the basis of the steering torque signal and
the vehicle speed signal, obtains the difference between
a signal pertaining to this target current value (a target
current signal) and a motor current signal fed back from
a motor current detecting part for detecting the motor
current actually flowing through the motor, and performs
proportional/integral compensation processing (PI con-
trol) on this difference signal to produce a signal for drive-
controlling the motor.

[0004] Generally, electric power steering apparatus
have been developed mainly for use in small vehicles;
however, particularly in recent years, from the points of
view of fuel economy and expansion of the scope of ve-
hicle control, the need has arisen for larger vehicles (such
as passenger vehicles from the 2000cc class upward) to
be provided with electric power steering. In applying an
electric power steering apparatus to a large vehicle, be-
cause the weight of the vehicle is large, with a construc-
tion using a single motor, a large motor outputting a large
assisting force is required. Consequently, the size of the
motor is large, the freedom of layout with which it can be
mounted to the vehicle (its mountability) deteriorates, fur-
thermore a large, special non-standard motor and motor
control/driving part therefor become necessary, and the
cost of manufacture increases.

[0005] To overcome this, as constructions suited to
electric power steering apparatus for large vehicles like
this, constructions which use two assisting motors have
been proposed (see, e.g., International Publication
W099/29557, JP-A-2001- 260908, JP-A-2001-151125).
[0006] However, when an electric power steering ap-
paratus is constructed using two motors, the following
problems arise.

[0007] When two motors are used, a motor control/
driving part is provided for each motor. When two motor
control/driving parts are provided in a control unit (ECU),
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there is a risk of some variation arising between these
motor control/driving parts. When such variation arises,
a difference arises in the respective voltages applied to
the two motors. As a result, variation arises in the motor
characteristics, and differences arise in the assisting
thrusts produced by the two motors and in their operating
speeds.

[0008] However, by providing a common gear mech-
anism for the output shafts of the two motors and con-
necting them to a rack shaft by this gear mechanism, the
rack shaft can be actuated with these differences be-
tween the two motors being absorbed. At this time, the
difference between the produced torques and speeds of
the two motors are balanced by the output of the motor
with the higher output being reduced.

[0009] In this case, when the degree of the variation
between the two motors of the combination is large, the
consequent fallin the motor outputis large, and the prob-
lem arises of the motor output being insufficient even
when a preset motor control signal is applied to the mo-
tors from the control unit. In particular, when during ve-
hicle travel the steering wheel starts to be turned or is
returning to its center position, deterioration of steering
feel and deterioration of controllability caused by motor
output insufficiency is unavoidable. Because many large
vehicles requiring large motor outputs are high-price ve-
hicles, it is important that deficiency of steering feel
caused by variation between the two motorsinthe electric
power steering apparatus is eliminated.

[0010] Also, there is a risk of it happening that in the
neutral vicinity, where the direction of rotation of the mo-
tors changes, and when the steering wheel is returning
to its central position, due to variations of the motor con-
trol/driving parts the rotation of one of the motors mo-
mentarily becomes opposite, and the assisting thrusts of
the two motors momentarily become opposed and cancel
each other out, and responsiveness deteriorates.
[0011] Accordingly, in steering apparatus such as
electric power steering apparatus having two motors, a
motor driving method for a steering apparatus which ob-
tains a balance in the operation of the two motors and of
the control/driving part for each motor and which im-
proves steering feel and raises controllability and also
provides good responsiveness at all times has been
awaited.

[0012] Also, when two assisting motors are provided
in an electric power steering apparatus as described
above, even when one of the motors fails, by means of
the other motor it is possible to reduce the manual steer-
ing force required from the driver to below what it would
be if there were no assisting force from a motor whatso-
ever. However, the size of the auxiliary steering force
from the normal motor, which has not failed, is the still
same as it is when the two motors are both operating
normally, and to perform the same steering as when the
two motors are operating normally the manual steering
force load on the driver is larger. And, when the vehicle
is stationary and the steering load is large, with one motor
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the burden on the driver may be great. In particular, in a
heavy vehicle, because the thrust of the steering gearbox
is large, the burden on the driver is large.

[0013] Reference is now made to the chart of Fig. 22
showing a relationship between the loads on the motors
and the driver in a conventional electric power steering
apparatus.

[0014] Inan electric power steering apparatus, the ra-
tio of the auxiliary steering force provided by the motor
and the steering force applied by the driver is about 10:
1. In particular, in the case of an electric power steering
apparatus having two motors, the ratio of the auxiliary
steering forces provided by the two motors to the steering
force applied by the driver is about 5:5:1.

[0015] When the two motors, motor A and motor B, are
operating normally, the burden on the driver is small, as
shown by the hatching in the graph on the left side of the
figure.

[0016] If motor A fails, because the auxiliary steering
force becomes only that provided by motor B, the burden
on the driver increases by the amount of the auxiliary
steering force normally provided by motor A. That is, the
load ratio of motor A to motor B to the driver becomes 0:
5:6. Consequently, as shown by the case of motor A fail-
ure in the graph on the right side of the figure, the burden
on the driver includes the auxiliary steering force that
should be provided by motor A. This is because the size
of the auxiliary steering force provided by motor B is the
same as it is when motor A and motor B are both oper-
ating normally.

[0017] With respect to the normal motor, because a
limit value of the current to be passed through the motor
is setin accordance with the characteristics and durability
and so on of the motor, and a current greater than this
current limit value cannot be passed through the motor,
a larger auxiliary steering force cannot be provided, and
the additional load must be taken on by the driver.
[0018] When, in an electric power steering apparatus
having a plurality of motors, at least one of the motors
has failed like this, it is desirable for the amount of aux-
iliary steering force allocated to the normal motor to be
increased, to reduce the burden on the driver.

[0019] Also, when an electric power steering appara-
tus is constructed using two motors, the kinds of problem
described below arise; however, first, problems of electric
power steering apparatus having a single motor will be
considered.

[0020] Normally, in an electric power steering appara-
tus having one motor, the output shaft of the motor is
connected to the steering system by way of a gear mech-
anism, which is a power transmission mechanism. This
gear mechanism may have any of various forms. A typical
one is the pinion assist type electric power steering ap-
paratus, which has a speed reducer provided on a pinion
gear shaft and a motor with its output shaft connected to
this speed reducer. With a pinion assist type electric pow-
er steering apparatus, in a rack-and-pinion gearbox
made up of a rack shaft having a rack gear and a pinion
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gear driving this provided on a steering wheel shaft, a
motor and a speed reducer are provided serving the pin-
ion gear. The pinion gear is driven by the motor via the
speed reducer. By this means, steering force assistance
of the steering system corresponding to the steering force
is carried out.

[0021] Inthis electric power steering apparatus having
a single motor, with the gear mechanism made up of a
pinion gear and a rack gear, if the torque ripple of the
motor is large, this torque ripple passes through the gear
mechanism and manifests as vibration in the steering
system and spoils the steering feel, and also the operat-
ing noise of the motor increases. Consequently, the prod-
uct quality of a vehicle equipped with this electric power
steering apparatus decreases.

[0022] In the case of a pinion assist electric power
steering apparatus having two motors as steering system
assisting motors, because each of the two motors is con-
nected to the steering system by way of the rack-and-
pinion mechanism described above and each of the two
motors imparts a vibration caused by motor torque ripple
to the steering system through this gear mechanism, the
above-mentioned impairment of steering feel and motor
operation noise become still more marked. This is a prob-
lem which arises generally in steering apparatus having
two motors. Also, the problem arises with both brushless
motors and motors with brushes.

[0023] Further DE 199 02 556 Al and DE 199 02 557
Al disclose a power steering system for a vehicle in ac-
cordance with the preamble part of claim 1 comprising
two motors, allocating means for allocating auxiliary
steering forces to the motors, wherein the allocating
means has current allocation determining means in order
to allocate operating currents to the motors. During nor-
mal operation of both motors, the motors both supply an
equal amount of the auxiliary steering force. In case one
of the motors malfunctions, the other, still intact motor is
operated with an overload current for a fixed time interval
of the matter of seconds or minutes to supply the entire
or almost the entire auxiliary steering force. In order not
to destroy the remaining intact motor, the current is
smoothly reduced back to the value for the normal oper-
ation of the motor.

As a result the auxiliary steering force smoothly reduced
to substantially the half of its amount for when both mo-
tors were still intact, however, only for a fixed time interval
independent from the steering action.

[0024] Itis an object of the present invention to solve
the above mentioned problems.

[0025] This object is solved by the features of claim 1.
[0026] The electric power steering apparatus may be
used in accordance with a motor driving method for a
steering apparatus, which comprises a step of providing
two motors for applying an auxiliary steering force to a
steering system; a step of, when the two motors are to
be operated, operating one of the two motors first; and
a step of, after the first motor is operated, operating the
other motor.
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[0027] In this motor driving method, for example in an
electric power steering apparatus, at the initial stage
when the driver starts to turn the steering wheel, that is,
in the range where the auxiliary steering force (assisting
thrust) from the steering force assisting motors is small,
just one of the two motors is started, and steering is car-
ried out with one motor only. Because in the low torque
range at the start of steering a sufficient steering force
can be obtained with only one motor, the two motors are
not started simultaneously. With this construction, the
occurrence of torque fluctuation caused by time differ-
ences of control commencement arising as a result of
the two motors being started simultaneously is eliminat-
ed. As a result, smooth control is made possible.
[0028] Desirably, in the step of starting one of the mo-
tors first, the two motors are used alternately. With this
method, because the two motors and the control/driving
parts for the motors are operated at the start of turning
alternately, the motors can be operated equal numbers
of times.

[0029] Preferably, in the step of operating one of the
motors first, the same one of the two motors is operated.
Specifically, for example when the steering direction is
one direction, one of the motors is operated first and then
the other is operated, and when the steering direction is
the other direction, the other motor is operated first and
then the first motor is operated. That is, by making the
motor for starting turning the same one motor at all times,
a difference is established between the numbers of times
the two motors are operated, and the probability of both
of the motors failing in quick succession is reduced.
[0030] Desirably, the output capacities of the two mo-
tors (motor sizes and output characteristics) are made
different. With this method, for example by changing the
sizes of the two mounted assisting motors, it is possible
to carry out control optimized in correspondence with the
object of the control, such as to when torque is necessary
and to when responsiveness is necessary.

[0031] Preferably, when only one of the two motors is
operating, motor failure detection is carried out. That is,
by employing a motor driving method wherein the start
timing of the two motors is made different, a difference
in the motor operating states is provided, and it becomes
possible to detect which of the motors has failed from the
steering state during steering.

[0032] In the electric power steering apparatus as
claimed, when at least one of the plurality of motors has
failed, because a current allocation determining part of
an allocating part increases the allocation of auxiliary
steering force allocated to the normal motor or motors,
the burden on the driver is reduced.

[0033] When at least one of the motors has failed, a
currentlimit value setting part sets the current limit values
of the normal motors to failure current limit values, and
in correspondence with the failure current limit values a
current allocation determining part of the allocating part
allocates motor currents greater than the normal current
limit values so as to make maximal use of the capabilities
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ofthe normal motors, whereby the auxiliary steering force
is increased and the burden on the driver is reduced.
[0034] Under the condition that the state of the current
value of a normal motor being greater than the normal
current limit value has continued for a predetermined
time, the current limit value setting part returns the current
limitvalue from the failure currentlimit value to the normal
current limit value, the normal motor can be used maxi-
mally in accordance with the durability of the normal mo-
tor, and the burden on the driver can be reduced.
[0035] Preferably, there is provided a steering appa-
ratus wherein a driving force from a motor is transmitted
through a gear mechanism to a rack shaft of a steering
system and the driving force is applied in the direction of
steering of a steering road wheels, having a first motor
and a second motor and characterized in thatin the trans-
mission of the driving forces from the respective output
shafts of the first and second motors to the rack shaft the
phase of the two motors is essentially staggered by 180°.
[0036] With this steering apparatus, steering is carried
out using two motors having the same capabilities, and
by the electrical phases of the two motors being stag-
gered by 180°, even when torque fluctuations arise due
to torque ripple in the motors, at the rack shaft having
the steering road wheels at its ends these torque fluctu-
ations are opposite in phase and cancel each other out,
and overall motor torque fluctuation can be suppressed.
[0037] Preferably, the gear mechanism is a rack-and-
pinion gear mechanism, and in the meshing relationship
between two pinion gears connected to the output shafts
of the two motors and rack gears corresponding to these,
the phases of the pinion gears are essentially staggered
by 180°. By staggering the phases of the pinion gears by
180° in this way, the torque fluctuations transmitted from
the pinion gears to the rack gears are made opposite in
phase, and mutual cancellation occurs and motor torque
fluctuation can be suppressed.

[0038] In a preferred form, between the two motors,
the waveform of the motor torque fluctuation arising from
one of the motors and the waveform or the motor torque
fluctuation arising from the other motor are set so as to
be opposite in phase. That is, in the respective driving
force transmission linkages of the two motors in the two-
motor steering apparatus, if setting is so carried out that
the waveforms of the motor torque fluctuations arising in
the transmission linkages are opposite in phase, the mo-
tor torque fluctuations can be suppressed.

[0039] Preferably, the two motors used in this steering
apparatus of the invention are used as electric power
steering assisting motors for supplementing a manual
steering force. In an electric power steering apparatus
using two motors like this, if torque fluctuations caused
by torque ripple of the motors is suppressed, vibration in
the steering system of the electric power steering appa-
ratus can be reduced and the steering feel improved.
[0040] Certain preferred embodiments of the present
invention will now be described in detail, by way of ex-
ample only, with reference to the accompanying draw-
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ings, in which:

Fig. 1 is a construction view showing schematically
the overall construction of an electric power steering
apparatus to which amotor driving method according
to the invention has been applied;

Fig. 2 is a view showing the external layout of an
actual apparatus of a rack shaft having two motors
and a gear box;

Fig. 3 is a block diagram showing part of the internal
construction of a control unit according to a first pre-
ferred embodiment of the invention;

Fig. 4 is an electrical function block diagram showing
the internal construction of a motor control part
shown in Fig. 3;

Fig. 5 is a flowchart showing a motor driving method
of a first example pertaining to the first preferred em-
bodiment;

Fig. 6 is a flowchart showing a motor driving method
of a second example pertaining to the first preferred
embodiment;

Fig. 7 is a flowchart showing a motor driving method
of a third example pertaining to the first preferred
embodiment;

Fig. 8 is a flowchart showing a motor driving method
of a fourth example pertaining to the first preferred
embodiment;

Fig. 9 is a flowchart showing a motor driving method
of a fifth example pertaining to the first preferred em-
bodiment;

Fig. 10 is an electrical function block diagram show-
ing the internal construction of a control unit accord-
ing to a second preferred embodiment of the inven-
tion;

Fig. 11 is an electrical function block diagram show-
ing a specific example of a target current allocating
part shown in Fig. 10;

Fig. 12 is a flowchart showing the operation of the
target current allocating part of the second preferred
embodiment shown in Fig. 11;

Fig. 13 is a view showing a relationship of loads on
motors and a driver pertaining to the second pre-
ferred embodiment;

Fig. 14 is an electrical function block diagram show-
ing the internal construction of a control unit accord-
ing to a third preferred embodiment of the invention;
Fig. 15 is an electrical function block diagram show-
ing a specific example of a target current allocating
part pertaining to the third preferred embodiment
shown in Fig. 14;

Fig. 16 is a flowchart showing the operation of the
target current allocating part pertaining to the third
preferred embodiment shown in Fig. 15;

Fig. 17 is a view showing a relationship of loads on
motors and a driver pertaining to the third preferred
embodiment;

Fig. 18 isan enlarged sectional view on the line 18-18
in Fig. 1, showing the internal structure of a first gear-
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box;

Fig. 19is asectional view on the line 19-19 in Fig. 18;
Fig. 20 is a view showing a relationship of two rack-
and-pinion mechanisms at a rack shatft;

Figs. 21A through 21C are views showing changes
of motor torque fluctuations produced by the two
rack-and-pinion mechanisms shown in Fig. 20, Figs.
21A and 21B showing torque fluctuations of the two
motors, and Fig. 21C showing a torque fluctuation
obtained by combining the torque fluctuations of the
two motors; and

Fig. 22 is a view showing a relationship of loads on
motors and a driver in an electric power steering ap-
paratus of related art.

[0041] Referringto Fig. 1 and Fig. 2, an electric power
steering apparatus 10 is mounted in a passenger vehicle
or alarge passenger vehicle. The electric power steering
apparatus 10 is constructed to apply an assisting steering
torque to a steering shaft 12 connected to a steering
wheel 11. The upper end of the steering shaft 12 is con-
nected to the steering wheel 11, and a first pinion gear
(or pinion) 13a is attached to the lower end.

[0042] Here, the part of the lower end of the steering
shaft 12 to which the first pinion gear 13a is attached will
be called the first pinion shaft 12a. In practice, the upper
side of the steering shaft 12 and the first pinion shaft 12a
on the lower side are connected by a universal joint not
shown in the figure.

[0043] Arack shaft 14 has two rack gears, a first rack
gear 14a and a second rack gear 14b, formed apart from
each other in the length direction of the shaft.

[0044] The first pinion gear 13a and the first rack gear
14a form a first rack-and-pinion mechanism 15A.
[0045] The first rack-and-pinion mechanism 15A, a
first power transmission mechanism 18A and a steering
torque detecting part 20 are housed in a first gearbox
24A. The exterior of the first gearbox 24A is shown in
Fig. 2.

[0046] Therack shaft 14 hastie rods 16, 16 at its ends.
Front wheels 17, 17 functioning as steering road wheels
of the vehicle are attached to outer ends of the tie rods
16, 16.

[0047] The electric power steering apparatus 10 of this
preferred embodiment has two motors, a first motor 19A
and a second motor 19B. The first motor 19A is connect-
ed by way of the first power transmission mechanism
18A to the first pinion shaft 12a. The second motor 19B
is connected by way of a second power transmission
mechanism 18B to a second pinion shaft 12b. These first
and second motors 19A, 19B are each operated inde-
pendently with design details (output capacity and so on),
proper start timing, and operating details determined in-
dependently for each, as will be further discussed later,
and output turning forces (torques) for supplementing a
steering torque, and these turning forces are applied by
way of the first and second power transmission mecha-
nisms 18A, 18B to the first and second pinion shafts 12a,
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12h.

[0048] The steering torque detecting part 20 is provid-
ed on the steering shaft 12. When a steering torque cre-
ated by the driver turning the steering wheel 11 is applied
to the steering shaft 12, this steering torque detecting
part 20 detects the steering torque acting on the steering
shaft 12.

[0049] The reference number 21 denotes a vehicle
speed detecting part for detecting the speed of the vehi-
cle. A control unit (ECU) 22 is made up of a computer
system using a microcomputer.

[0050] The control unit 22 takes in a steering torque
signal T outputted from the steering torque detecting part
20 and a vehicle speed signal V outputted from the ve-
hicle speed detecting part 21, and, on the basis of infor-
mation pertaining to the steering torque and information
pertaining to the vehicle speed, outputs drive control sig-
nals SG1A, SG1B for controlling the operation of the first
and second motors 19A, 19B. The first and second mo-
tors 19A, 19B have first and second motor angle detect-
ing parts 23A, 23B. Signals SG2A, SG2B pertaining to
the angular positions (electrical angles) of the first and
second motor angle detecting parts 23A, 23B are input-
ted to the control unit 22.

[0051] The first motor 19A and the second motor 19B
used in this preferred embodiment have identical con-
structions and capabilities.

[0052] AsshowninFig.1and Fig. 2, a second gearbox
24B houses the second rack gear 14b formed on the rack
shaft 14; a second pinion gear 13b meshing with this
second rack gear 14b; the second pinion shaft 12b, which
is rotatably supported and to which the second pinion
gear 13bis attached; and the second power transmission
mechanism 18B. The output shaft of the second motor
19B has a transmission shaft (worm shaft). This trans-
mission shaft has a worm gear. A worm wheel meshing
with this worm gear is fixed to the second pinion shaft
12b. Thus the second gearbox 24B has basically the
same construction as the first gearbox 24A.

[0053] When the second motor 19B is driven, driving
force is transmitted through the output shaft, the worm
gear, the worm wheel, the second pinion shaft 12b, the
second pinion gear 13b and the second rack gear 14b
to the rack shaft 14.

[0054] Asdescribed above, the electric power steering
apparatus 10 of this preferred embodiment has a steering
torque detecting part 20, a vehicle speed detecting part
21, acontrol unit 22, two motors 19A, 19B, and two power
transmission mechanisms 18A, 18B.

[0055] In this construction, when the driver turns the
steering wheel 11 to steer the car while driving, a turning
force based on the steering torque applied to the steering
shaft 12 is converted through the first pinion shaft 12a at
the bottom of the steering shaft 12 and the first rack-and-
pinion mechanism 15A to linear motion in the axial direc-
tion of the rack shaft 14, and then through the tie rods
16, 16 it changes the travel direction of the front wheels
17, 17.
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[0056] Atthistime, simultaneously, the steering torque
detecting part 20 provided on the steering shaft 12 con-
verts a steering torque corresponding to the steering
force applied to the steering wheel 11 by the driver into
an electrical steering torque signal T, and outputs this
steering torque signal T to the control unit 22. The vehicle
speed detecting part 21 detects the speed of the vehicle
and converts this to a vehicle speed signal V, and outputs
this vehicle speed signal V to the control unit 22. The
control unit 22 generates motor currents for driving the
two motors 19A, 19B on the basis of the steering torque
signal T and the vehicle speed signal V. The first and
second motors 19A, 19B driven by these motor currents
apply auxiliary steering torques to the rack shaft 14 by
way of the first and second power transmission mecha-
nisms 18A, 18B. As described above, by the two motors
19A, 19B being operated on the basis of a predetermined
motor driving method, the steering force applied to the
steering wheel 11 by the driver is reduced.

[0057] Asshownin Fig. 3, the control unit 22 has a first
motor control part 30A and a second motor control part
30B provided in parallel, for drive-controlling the first mo-
tor 19A and the second motor 19B on the basis of the
steering torque information outputted from the steering
torque detecting part 20. The control unit 22 also has a
motor drive order control part 33 for controlling the drive
order of the two drive motors 19A, 19B, and a storing
device 34 storing a program for executing this drive se-
quencing of the two motors.

[0058] The motor drive order control part 33 is a higher-
level control part than the first and second first motor
control parts 30A, 30B, and is constructed around a CPU.
[0059] The first motor control part 30A and the second
motor control part 30B have essentially the same con-
struction and function, and respectively have target cur-
rent determining parts 31A, 31B and control parts 32A,
32B. The target current determining parts 31A, 31B de-
termine target auxiliary torques mainly on the basis of
the steering torque signal T, and output signals (target
currentsignals) IT pertaining to target current values nec-
essary for supplying these target auxiliary torques from
the first and second motors 19A, 19B. The T-IT conver-
sion characteristic shown in Fig. 3 is an example.
[0060] Next, a specific example of the control part 32A
in the first motor control part 30A will be described, on
the basis of Fig. 4. Here, because the second motor con-
trol part 30B is the same as the first motor control part
30A, a description of the control part 32B will be omitted.
[0061] Asshownin Fig. 4, the control part 32A is made
up of a differential operator part 41, a motor drive control
part 42, a motor driving part 43 and a current value de-
tecting part 44.

[0062] The motor drive control part 42 is made up of a
differential current control part 45 and a PWM signal gen-
erating part 46.

[0063] The differential current control part 45 gener-
ates and outputs a driving current signal for controlling
the motor current on the basis of the current signal from
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the differential operator part 41.

[0064] The PWM signal generating part 46 generates
a PWM (Pulse Width Modulation) signal for PWM-driving
the first motor 19A on the basis of the driving current
signal from the differential current control part 45.
[0065] The motor driving part 43 is made up of a gate
driving circuit part 47 and a motor driving circuit (an H-
type bridge circuit formed with four FETS) 48. The gate
driving circuit part 47 switches the motor driving circuit
48 on the basis of the drive-control signal (PWM signal).
[0066] By this means, the first motor control part 30A
shown in Fig. 3 PWM-controls the motor current supplied
to the first motor 19A from a battery power source 49 on
the basis of the steering torque T detected by the steering
torque detecting part 20, and controls the power output-
ted by the first motor 19A (the auxiliary steering torque).
[0067] The following controlis carried outin connection
with the order of operation of the two motors 19A, 19B
controlled by the control unit 22 having this construction.
This operation order control is carried out by the motor
drive order control part 33, which is the high-level control
part shown in Fig. 3.

[0068] First, a motor driving method of a first example
pertaining to the first preferred embodiment will be de-
scribed, with reference to Fig. 5. This motor driving meth-
od is applied in the range where the assisting thrust of
the electric power steering apparatus 10 is small (start
of steering; low torque range), when the steering wheel
11 is starting to turn. In this motor driving method, at the
start of steering, steering force supplementation is car-
ried out with only one of the two motors 19A, 19B. And
with the motor driving method of this first example, the
ratings and output characteristics of the two motors 19A,
19B are the same.

[0069] InFig. 5, when the driver operates the steering
wheel 11 shown in Fig. 1 to start turning or to return it, a
signal pertaining to the steering torque of this steering
state detected by the steering torque detecting part 20
is inputted to the control unit 22. In the control unit 22,
the detection signal from the steering torque detecting
part 20 is inputted (step S11), and it is determined wheth-
er or not there has been an application of steering torque
or a reversal of steering torque corresponding to this
steering state (step S12). When in step S12 the determi-
nation is NO, steps S11, S12 are repeated. When in step
S12 the determination is YES, the following step S13 is
executed.

[0070] In step S13, one of the two motors 19A, 19B
(for example the first motor 19A) is started, and an as-
sisting thrust is outputted.

[0071] In step S14, until it is determined that the as-
sisting thrust from the motor 19A has reached its rated
torque, the operation of the first motor 19A is continued.
As the signal for determining whether or not the rated
torque has been reached, the above-mentioned steering
torque signal T may be used, or alternatively a torque
signal detectable from the first motor 19A can be used.
Steps S13 and S14 are repeated until the rated torque
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is reached. When in step S14 it is determined that the
assisting thrust from the first motor 19A has reached the
rated torque, processing proceeds to step S15.

[0072] In step S15, of the two motors 19A, 19B, the
operation of the motor already operating is continued,
and the other motor (in this case, the second motor 19B)
is started and an assisting thrust is outputted from that.
Accordingly, when step S15is executed, assisting thrusts
outputted by the two motors 19A, 19B are applied to the
steering system.

[0073] With this first motor driving method, because in
the low torque range only one of the two motors 19A,
19B is operated to provide steering force supplementa-
tion, torque fluctuation of a control commencement time
difference resulting from the two motors being started at
the same time does not arise, and smooth assisting can
be effected at the start of turning or returning. And after
the rated torque has been reached, the two motors 19A,
19B are operated simultaneously to output a large as-
sisting thrust.

[0074] Also, because the start timings of the two mo-
tors 19A, 19B are staggered in correspondence with the
assisting thrust required, the output drop caused by
torque interference of when the variation between the
two motors is large can be eliminated, and control which
is stable with respect to output can be carried out. In
particular, at low assisting thrusts, such as at the start of
turning or returning during travel, when torque fluctua-
tions can be felt easily, control having little torque fluctu-
ation can be carried out.

[0075] Although in the motor driving method of the first
example described above it was determined in step S14
whether or not a rated torque had been reached, instead
of determining on the basis of torque it is possible alter-
natively to provide a step of determining whether or not
a rated duty has been reached. With this method, the
determination can be made with reference to the state
of duty of the above-mentioned PWM signal determining
the motor current supplied to the motor. In this way the
prescribed value in step S14 can be changed.

[0076] Next, a motor driving method of a second ex-
ample will be described, on the basis of Fig. 6. In this
motor driving method, the two motors 19A, 19B are used
alternately as the motor used at the start of steering when
the steering wheel 11 starts to be turned. By this means,
the frequencies of operation of the two motors 19A, 19B
can be made the same. In the motor driving method of
this second example, the ratings and output character-
istics of the two motors 19A, 19B are the same.

[0077] The control procedure of the motor driving
shown in Fig. 6, from the point of view of the motor driving
method as a whole, is inserted between the steps S12
and S14 shown in Fig. 5. When a predetermined steering
torque state has been detected (step S12) and one of
the two motors 19A, 19B is to be started, steps S21
through S25 shown in Fig. 6 are executed to determine
which of the motors should be started first in the step S13
shown in Fig. 5.
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[0078] With this second motor driving method exam-
ple, in step S21, with the premise that an assisting thrust
is to be produced, steering commencement processing
is executed. After that, an operation start motor history
flagis checked (step S22). Here, the state of an operation
history flag of the two motors 19A, 19B is checked.
[0079] In the following step S23 the motor which was
not used the previous time is selected, and steering com-
mencement of this motor is executed. As a result, the
step S13showninFig. 5isimplemented. The subsequent
steps S24, S25 are post-processing steps. Thatis, under
the condition that steering has ended (step S24), the his-
tory flag pertaining to the motor that was started first at
the start of steering is updated (step S25).

[0080] With the motor driving method of this second
example, as the motor started at the start of steering, the
two motors 19A, 19B are used alternately, and the fre-
guencies of operation of the two motors are thereby made
equal. As a result, equal loads can be applied to the two
motors 19A, 19B and the control/driving parts of the mo-
tors, and their lives can be equalized.

[0081] A motor driving method of a third example will
now be described, with reference to the flowchart shown
in Fig. 7. This motor driving method is a variation of the
motor driving methods of the first and second examples.
In this motor driving method, regarding the motor to be
used at the start of steering when the steering wheel 11
is starting to turn, one of the two motors 19A, 19B is
allocated to rightward use only and the other is allocated
to leftward use only. Because rightward steering and left-
ward steering occur in substantially the same proportions
during travel, by this means the frequencies of operation
of the two motors 19A, 19B can be made equal. With this
third motor driving method example, the ratings and out-
put characteristics of the two motors 19A, 19B are the
same. In the control procedure of Fig. 7, steps the same
as steps shown in Fig. 6 have been given the same ref-
erence numerals.

[0082] Inthe flowchart shown in Fig. 7, after the steer-
ing commencement processing step S21, a steering di-
rection distinguishing step S31 follows. When in step S31
the steering direction is determined to be leftward, the
three steps S32, S33, S34 are carried out. These steps
S32 to S34 are essentially the same respectively as the
steps S13 to S15 shown in Fig. 4. When in step S31 the
steering direction is determined to be rightward, the three
steps S35, S36 and S37 are executed. These steps S35
to S37 are essentially the same respectively as the steps
S13 to S15 shown in Fig. 5. Finally, steering ending
processing S25 is carried out.

[0083] With this third motor driving method example,
by the two motors 19A, 19B being allocated to either right-
ward use or leftward use and each used at the start of
steering accordingly, the frequencies of operation of the
two motors can be made equal and their lives made
equal.

[0084] A motor driving method of a fourth example will
now be described, on the basis of the flowchart shown
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in Fig. 8. This motor driving method is a variation of the
motor driving method of the first example. In this motor
driving method, the two motors 19A, 19B are designated
as a main motor and a sub motor, and it is predetermined
that the motor used at the start of steering will always be
the main motor. The ratings and output characteristics
of the two motors may be the same or may be different.
In the flowchart shown in Fig. 8, steps essentially the
same as steps shown in Fig. 5 have been given the same
reference numerals.

[0085] InFig. 8, when the driver starts to turn or returns
the steering wheel 11, in the control unit 22, the detection
signal from the steering torque detecting part 20 is input-
ted (step S11), and it is determined whether or not there
has been an application of steering torque or a reversal
of steering torque corresponding to this steering state
(step S12). When in step S12 the determination is NO,
steps S11, S12 are repeated. When in step S12 the de-
termination is YES, step S41 is executed.

[0086] In step S41, whichever of the two motors 19A,
19B is the main motor is started, and an assisting thrust
is outputted. In the next step, step S42, until it is deter-
mined that the assisting thrust from the main motor has
reached a prescribed value (prescribed torque or pre-
scribed duty), operation of the main motor is continued.
That is, steps S41 and S42 are continued.

[0087] When in step S42 it is determined that the as-
sisting thrust from the main motor has reached the pre-
scribed value, processing proceeds to step S43.

[0088] Instep S43, while the operation of the main mo-
tor is continued, the remaining one of the two motors
19A, 19B, i.e. the sub motor, is started and outputs an
assisting thrust. Accordingly, when step S43 is executed,
assisting thrusts are applied to the steering system by
the two motors 19A, 19B.

[0089] With the fourth motor driving method example
described above, because in the low torque range steer-
ing force supplementation is carried out with only the
main motor being operated, torque fluctuation of a control
commencement time difference resulting from the two
motors being started at the same time does not arise,
and smooth steering force supplementation can be ef-
fected at the start of turning.

[0090] Also, because the start timing of the two motors
19A, 19B is staggered in correspondence with the as-
sisting thrust required, the output drop caused by torque
interference of when the variation between the two mo-
torsislarge can be eliminated, and control which is stable
with respect to output can be carried out. In particular, at
low assisting thrusts, such as at the start of turning or
returning during travel, when torque fluctuations can be
felt easily, control having little torque fluctuation can be
carried out.

[0091] Also, with this fourth motor driving method ex-
ample, by using a main motor of the two motors at the
start of steering, the total numbers of times that the two
motors are driven can be made different, and a difference
can be provided in the lives of the motors. Therefore, the
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probability of both of the motors failing at the same time
is reduced. And when one of the motors fails, by moni-
toring the value of the assisting torque it can be inferred
which of the motors has failed. For example, when no
torque is obtained at the start of steering it can be inferred
that the main motor has failed, and when no torque is
obtained when an assisting torque is necessary it can be
inferred that the sub motor has failed.

[0092] Because it is possible to make the two motors
19A, 19B a main motor and a sub motor and differentiate
the ratings and output characteristics of the motors in
magnitude, it is possible to realize optimal control both
when torque is necessary and when responsiveness is
necessary. For example, if a motor with a large output is
used at the start of turning, when a smaller motor is then
driven an ample torque is already present, and as aresult
the relative value of the torque fluctuation of when the
second motor is started can be made small, and the steer-
ing feel can be made good.

[0093] Amotor drivingmethod of a fifth example will
now be described, with reference to the flowchart shown
in Fig. 9. This motor driving method shows an example
of a control method for when one of the motors has failed.
In this case, the ratings and output characteristics of the
two motors 19A, 19B may be the same or may be differ-
ent.

[0094] Steps S51 to S56 shown in Fig. 9 correspond
to processing for when one of the motors is started at the
start of steering. When the steering wheel 11 is operated
and steering force supplementation is carried out by the
electric power steering apparatus 10, first, at the start of
steering, one of the two motors is started and attempts
to commence steering (step S51). At this time, the output
duty of the motor that was started is determined (step
S52).

[0095] When in step S52 the output duty of this motor
is below a prescribed value, the operating state of this
motor is continued without change. After that, as ex-
plained with reference to the flowchart of Fig. 5, it is de-
termined whether or not a prescribed torque has been
reached (step S14), and processing for starting the other
motor (step S15) is carried out. When in step S52 the
output duty of the first motor is larger than the prescribed
value, the value of the motor current is determined (step
S53).

[0096] Whenin step S53 the value of the motor current
is above a prescribed value, because the required motor
output is being obtained, the operating state of this first
motor is continued without change. After that, as ex-
plained on the basis of the flowchart shown in Fig. 5, it
is determined whether or not a prescribed torque has
been reached (step S14), and processing for starting the
other motor is carried out (step S15).

[0097] Whenin step S53 the value of the motor current
is smaller than the prescribed value, it is determined that
the first motor has failed (step S54), and the operation
of this motor is stopped (step S55). After that, the other
of the two motors is operated, and steering with this motor
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is started (step S56). In this case, steering force supple-
mentation is carried out with this second motor only.
[0098] With this fifth motor driving method example,
when one of the two motors 19A, 19B has failed, control
is carried out with just the remaining motor. Compared
to a construction in which two motors are operated si-
multaneously, failure detection is easier, and failure de-
tection can be carried out in a short time.

[0099] Inthe motor driving methods of an electric pow-
er steering apparatus having two motors described
above, because steering force supplementation control
is carried out with one motor only, control which does not
suffer an influence of reversing timing of the two motors
can be achieved.

[0100] Above, in the first preferred embodiment, ex-
amples of motor driving methods for an electric power
steering apparatus have been described; however, amo-
tor driving method for two motors provided in a steering
system according to the invention can be applied to other
steering apparatus, such as steer-by-wire systems.
[0101] Asdescribed above, with this first preferred em-
bodiment, because in the low torque range a steering
force is outputted with only one of two motors provided
in a steering system, torque fluctuation resulting from
control commencementtime difference is eliminated and
smooth control can be carried out. And because control
is started with one motor only, influences of reversing
timing of two motors on return can be avoided.

[0102] Also, with this preferred embodiment, because
the two motors can be used alternately as the motor start-
ed first, the usage frequencies of the two motors can be
kept equal and their lives can be kept equal.

[0103] Also, with this preferred embodiment, because
the first motor to start first is always the same, the usage
frequencies of the two motor can be different and the
lives of the two motors can be different. Thus, failures of
the two motors at the same time can be avoided.
[0104] Also, with this preferred embodiment, because
two motors are provided and their starting timing is made
different, failure detection of the motors is easy and can
be effected rapidly.

[0105] Also, with this preferred embodiment, because
the sizes of the two motors provided can be made differ-
ent, it is possible to effect optimal control adaptable to
different control objectives, such as that of when torque
is necessary and that of when responsiveness is neces-
sary.

[0106] Fig. 10 is a block diagram showing the internal
construction of a control unit 222 according to a second
preferred embodiment of the invention.

[0107] The control unit 222 is made up of a motor drive
control part 243A for the first motor 19A, a motor drive
control part 243B for the second motor 19B, a target cur-
rent setting part 231 for setting a target current on the
basis of the steering torque signal T and the vehicle
speed signal V and outputting a target current signal IT,
a failure detecting part 242 for detecting failure of the
motors 19A, 19B, and a target current allocating part 250
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for allocating target currents to the motors 19A, 19B.
[0108] The motor drive control part 243A is made up
of a gate driving circuit 247A and a motor driving circuit
248A. The motor drive control part 243B is made up of
a gate driving circuit 247B and a motor driving circuit
248B. Power from a battery 249 is supplied to the motor
driving circuits 248A, 248B.

[0109] The failure detecting part 242 detects failures
for example on the basis of the duties duty 1, duty 2 of
the PWM signals applied respectively to the motor driving
signals 248A, 248B from the gate driving circuits 247A,
247B.

[0110] The above-mentioned motor currents are cur-
rents passed through the motors 19A, 19B from the motor
drive control parts 243A, 243B. The gate driving circuit
247A of the motor drive control part 243A outputs a PWM
signal on the basis a current signal SA allocated to it by
the target current allocating part 250, and switches the
motor driving circuit 248A on the basis of the duty of this
PWM signal. By this means a motor current is supplied
to the first motor 19A. Also in the motor drive control part
243B for the motor 19B, the gate driving circuit 247B and
the motor driving circuit 248B operate similarly on the
basis of a current signal SB allocated by the target current
allocating part 250. When it receives a failure signal K
from the failure detecting part 242, the target current al-
locating part 250 identifies the failed motor and changes
the current signals SA, SB in accordance with the result
S0 as to increase the motor current passing through the
normal motor, which has not failed.

[0111] Fig. 11 is a block diagram showing the internal
construction of the target current allocating part 250
shown in Fig. 10.

[0112] The target current allocating part 250 is made
up of a failed motor identifying part 251 for receiving the
failure signal K and identifying a failed motor and a current
allocation determining part 252 for receiving the target
currentsignal IT and determining currents to be allocated
to the two motors 19A, 19B and outputting the current
signals SA, SB. The failed motor identifying part 251 re-
ceives the failure signal K and determines whether a
failed motor is the first motor 19A or the second motor
19B. The failed motor identifying part 251 outputs a signal
KM pertaining to the normal motor to the current alloca-
tion determining part 252. The current allocation deter-
mining part 252 receives the target current signal IT and
the signal KM pertaining to the normal motor and deter-
mines currents to be supplied to the first motor 19A and
the second motor 19B. For example, when the first motor
19A has failed, it makes the current to the first motor 19A
zero and increases the current to the second motor 19B.
[0113] Next, with further reference to Fig. 10 and Fig.
11, the operation of the control unit 222 of this second
preferred embodiment will be explained on the basis of
the operation flowchart for the target current allocating
part 250 shown in Fig. 12.

[0114] The target current allocating part 250 reads in
the target current signal IT from the target current setting

10

15

20

25

30

35

40

45

50

55

10

part 231 shown in Fig. 10 (step ST201) and receives the
failure signal K from the failure detecting part 242. The
failure signal K is for example a 2-bit signal, with '00’
meaning that the first and second motors 19A, 19B are
both normal, ‘01’ meaning that the first motor 19A is nor-
mal and the second motor 19B has failed, '10’ meaning
that the first motor 19A has failed and the second motor
19Bis normal, and '11’ meaning that the first and second
motors 19A, 19B have both failed.

[0115] Fromthisfailure signal Kitis determined wheth-
er either or both of the first and second motors 19A, 19B
has failed (step S202). Here, it is determined whether or
not there is a "1’ in either of the bits of the 2-bit signal.
When there is no failed motor, i.e. when the two motors
are both working normally, normal control is carried out
(step S205). Here, when the two motors are the same
size, normal control means passing the same current
through both of them, and when they are different sizes,
normal control means allocating currents to them in cor-
respondence with their sizes. Further, the current may
be passed through only one motor instead of being
passed through the two motors simultaneously.

[0116] When there is a failed motor, it is determined
which motor is the failed motor and which motor is the
normal motor (step S203). Here, when there is no normal
motor, i.e. the failure signal Kis '11’, control of the electric
power steering apparatus is stopped (step S206). When
it is determined that there is a normal motor, i.e. when
the failure signal K is either '01’ or '10’, the allocation of
current to the normal motor is raised in accordance with
the failure signal K (step S204).

[0117] Fig.13isaview showing arelationship between
loads on motors and a driver. The normal ratio of the
auxiliary steering forces provided by the first motor 19A
and the second motor 19B and the steering force exerted
by the driver is 5:5:1. The hatching shows the steering
force applied by the driver. For example, when the first
motor 19A has failed, by the target current allocating part
250 shown in Fig. 10 the current supplied from the motor
driving circuit 248B to the second motor 19B is increased
and the auxiliary steering force provided by the second
motor 19B increases. The graph on the right in Fig. 13
shows that the burden on the driver has been reduced
by the auxiliary steering force of the second motor 19B.
Here, the ratio of the auxiliary steering force of the second
motor 19B to the steering force applied by the driver is
about 7:4.

[0118] Next, a control unit of a third preferred embod-
iment of the invention will be described, on the basis of
Fig. 14 through Fig. 17.

[0119] Fig. 14 is a block diagram showing the internal
construction of a control unit 322 of a third preferred em-
bodiment of the invention. Elements essentially the same
as elements shown in Fig. 10 of the second preferred
embodiment have been given the same reference nu-
merals and will not be described again here.

[0120] The control unit 322 of this third preferred em-
bodiment has current detecting parts 344A, 344B for
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measuring the currents flowing through the motor driving
circuits 248A, 248B. The current detecting parts 344A,
344B detect the currents from the resistance values of
shunt resistances R1, R2 and the potential differences
across the shunt resistances R1, R2, and output current
signals IA, IB. The detected currents flowing through the
motor driving circuits 248A, 248B are inputted to a target
current allocating part 350 as the current signals IA, IB.
[0121] Fig. 15is a block diagram showing the internal
construction of the target current allocating part 350. The
target current allocating part 350 is made up of a failed
motor identifying part 351 for receiving the failure signal
K and identifying the failed motor, a current allocation
determining part 352 for receiving the target current sig-
nal IT and determining the motor currents to be allocated
to the two motors 19A, 19B and outputting current signals
SA’, SB’ accordingly, a current limit value setting part 353
for receiving a signal from the failed motor identifying part
351 and setting a current limit value for the normal motor,
and a timer 354 operating on the basis of the current limit
value and the current flowing through the motor.

[0122] The failed motor identifying part 351 identifies
which motor has failed on the basis of the failure signal
K, and outputs a signal KM pertaining for example to the
normal motor to the current allocation determining part
352 and the current limit value setting part 353. When
there has been no failure, the failed motor identifying part
351 does not output a signal KM to the current limit value
setting part 353. The current limit value setting part 353
receives the signal KM pertaining to the normal motor
and sets the current limit value for the normal motor to a
failure current limit value. This failure current limit value,
when one of the motors has failed, is set larger than the
normal current limit value, to increase the auxiliary steer-
ing force provided by the normal motor. The current al-
location determining part 352 receives the target current
signal IT and the signal KM pertaining to the normal motor
and a current limit value signal L, and determines the
currents to be supplied to the first motor 19A and the
second motor 19B. For example when the first motor 19A
has failed and the second motor 19B is normal, it sets
the currentto the firstmotor 19Ato 0 and passes a current
larger than the normal current limit value through the sec-
ond motor 19B in correspondence with the failure current
limit value.

[0123] Next, with further reference to Fig. 14 and Fig.
15, the operation of the control unit 322 of this third pre-
ferred embodiment will be explained on the basis of the
operation flowchart for the target current allocating part
350 shown in Fig. 16.

[0124] The target current allocating part 350 receives
the failure signal K from the failure detecting part 242, as
shown in Fig. 14. The failure signal K is for example a 2-
bit signal, with '00" meaning that the first and second mo-
tors 19A, 19B are normal, ‘01’ meaning that the first motor
19A is normal and the second motor 19B has failed, '10’
meaning that the first motor 19A has failed and the sec-
ond motor 19B is normal, and 11’ meaning that the first
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and second motors 19A, 19B have both failed.

[0125] Fromthisfailure signal Kitis determined wheth-
er either or both of the two motors 19A, 19B has failed
(step S301). Here, it is determined whether or not there
is a’'l’ in either of the bits of the 2-bit signal. When there
is no failed motor, i.e. when the motors are working nor-
mally, a count C, which will be further discussed later, is
set to 0 (step S309). When there is a failed motor, it is
determined which motor is the failed motor and which
motor is the normal motor (step S302). Here, when there
is no normal motor, that is, when the failure signal K is
11", control of the electric power steering apparatus is
stopped (step S308). When it is determined that there is
a normal motor, i.e. when the failure signal K is '01’ or
'10’, the current limit value of the normal motor is set to
a failure current limit value (step S303). Because when
the current limit value of the normal motor is set to the
failure current limit value a motor current greater than the
normal current limit value can be passed through the nor-
mal motor, it is checked whether or not the current
through the normal motor is greater than the normal cur-
rent limit value (step S304). When the current through
the normal motor is smaller than the normal current limit
value, the count C, which will be further discussed later,
is set to O (step S309). When the current through the
normal motor is greater than the normal current limit val-
ue, the timer 354 shown in Fig. 15 is operated and the
count C is incremented by 1 (step S305). The motor cur-
rent being above the normal current limit value is not
usually desirable, from the point of view of durability; how-
ever, if it is just for a predetermined period, the normal
current limit value can be exceeded without affecting du-
rability. Therefore, when there is a failure, it is possible
to obtain an auxiliary steering force which cannot be ob-
tained when the normal current limit value is set, by set-
ting the current limit value to a failure current limit value.
For the reason above, the predetermined time for which
the motor current exceeds the normal current limit value
must be within the range of durability of the motor. So,
when the count C of the timer 354 has risen above a
(step S306), the current limit value is returned to the nor-
mal current limit value (step S307).

[0126] Inthe process described above, when after the
timer 354 is operated one of the motors is failed and the
other motor is normal, processing passes through S303
again, but at this time the current limit value of the normal
motor is held at the failure current limit value, and a com-
parison of the current passing through the normal motor
and the normal current limit value is carried out (step
S304). At this time, when the current through the normal
motor is below the normal current limit value, because
the load on the motor is not above normal, the count C
of the timer 354 is set to 0 (step S309). By this means it
is possible to operate the motor more efficiently.

[0127] Fig. 17 is a view showing the relationship be-
tween the loads on the motors and the driver. It will be
assumed that the normal ratio of the auxiliary steering
forces of the first motor 19A and the second motor 19B
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and the steering force applied by the driver is 5:5:1. The
hatching shows the steering force applied by the driver.
For example, when the first motor 19A has failed, the
current limit value setting part 353 of the target current
allocating part 350 shown in Fig. 15 sets the current limit
value for the second motor 19B to a failure current limit
value. Consequently, a current greater than the normal
current limit value can flow through the second motor
19B. As a result, the auxiliary steering force provided by
the second motor 19B increases. The graph on the right
in Fig. 17 shows that the auxiliary steering force provided
by the second motor 19B has lightened the steering force
load on the driver. And this shows that the steering force
burden on the driver has been lightened more than when
simply the allocation of motor current is changed, as
shown in Fig. 13 of the second preferred embodiment.
Here, the ratio of the auxiliary steering forced from the
second motor 19B to the steering force from the driver
is about 8:2.

[0128] As described earlier, with an electric power
steering apparatus according to the second preferred
embodiment, a plurality of motors for applying steering
forcesto steering road wheels are provided, an allocating
part for allocating auxiliary steering forces to the motors
is provided, and when at least one of the motors has
failed, this allocating part increases the allocation of aux-
iliary steering force allocated to the normal motors. And
as aresult, the load on the driver at times of motor failure
is lightened.

[0129] Andinthe third preferred embodiment, because
a current limit value setting part for setting current limit
values for the motors is provided, and when at least one
of the motors has failed, the current limit value setting
part sets the current limit value for a normal motor to a
failure current limit value, a motor current greater than
the normal current limit value can be allocated to the nor-
mal motor so as to make full use of the capacity of the
normal motor, and the burden on the driver can be re-
duced further.

[0130] Next, with reference to Fig. 18 and Fig. 19, a
specific example of the internal construction of the gear-
box 24A and the power transmission mechanism 18A
will be described. Fig. 18 is a sectional view on the line
18-18 in Fig. 1, and shows the relationship between the
first motor 19A, the pinion shaft 12a and the rack shaft
14. Fig. 19 is a sectional view on the line 19-19 in Fig. 18.
[0131] InFig. 18, inahousing 24a forming the gearbox
24A, the pinion shaft 12a is rotatably supported by two
bearings 51, 52. Inside the housing 24a are housed the
first rack-and-pinion mechanism 15A and the first power
transmission mechanism (speed reducer) 18A, and
above it is mounted the steering torque detecting part
20. An upper opening of the housing 24a is closed by a
lid 53, and the lid 53 is fixed with bolts 54. The pinion
gear 13A provided on the lower end of the pinion shaft
12a is positioned between the bearings 51, 52. The rack
shaft 14 is pressed against the pinion gear 13A by a con-
tact member 57 guided by a rack guide 55 and urged by
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a compressed spring 56. The first power transmission
mechanism 18A is made up of a worm gear 59 fixed to
a transmission shaft (worm shaft) 58 (see Fig. 19) con-
nected to the output shaft 19a of the first motor 19A, and
a worm wheel 60 fixed to the pinion shaft 12a.

[0132] The steering torque detecting part 20 is made
up of a steering torque detection sensor 20a disposed
around the pinion shaft 12a and an electronic circuit part
20b for electrically processing a detection signal output-
ted from the steering torque detection sensor 20a. The
steering torque detection sensor 20a is attached to the
lid 53.

[0133] Fig. 19 shows the first motor 19A and the inter-
nal construction of the control unit 22.

[0134] The first motor 19A has a rotor 72 made up of
permanent magnets fixed to a rotating shaft 71 and a
stator 74 disposed around the rotor 72. The stator 74 has
a fixed winding 73. The rotating shaft 71 is rotatably sup-
ported by two bearings 75, 76. One end of the rotating
shaft 71 is the output shaft 19a of the first motor 19A.
The output shaft 19a of the first motor 19A is connected
to the transmission shaft 58, so that rotary power is trans-
mitted, by a torque limiter 77. The worm gear 59 is fixed
to the transmission shaft 58, as mentioned above, and
the worm wheel 60 meshes with this. The above-men-
tioned motor angle detecting part (position detecting part)
23A for detecting the angle (rotational position) of the
rotor 72 of the motor 19A is provided at the other end of
the rotating shaft 71.

[0135] The motor angle detecting part 23A is made up
of arotor 23a fixed to the rotating shaft 71 and a detecting
device 23b which uses a magnetic action to detect the
angle of this rotor 23a. For example a resolver is used
as the motor angle detecting part 23A. A 3-phase a.c.
motor current is supplied to the fixed winding 73 of the
stator 74. The constituent elements of the first motor 19A
are housed in a motor case 78.

[0136] The control unit 22 is housed in a control box
81 mounted on the outside of the motor case 78 of the
first motor 19A. The control unit 22 consists of an elec-
tronic circuit made by mounting electronic circuit compo-
nents on a circuit board 82. The electronic circuit com-
ponents include a 1-chip microcomputer and peripheral
circuitry thereof, a pre-driving circuit, a FET bridge circuit
and an invertor circuit. A motor current (the drive control
signal SG1A shown in Fig. 1) is supplied from the control
unit 22 to the fixed winding 73 of the first motor 19A. And
an angular position signal SG2A detected by the motor
angle detecting part 23A is inputted to the control unit 22.
[0137] On the basis of this mechanical construction,
the first motor 19A outputs a turning force (torque) for
supplementing the steering torque, and this turning force
is applied to the pinion shaft 12a, i.e. the steering shaft
12, via the first power transmission mechanism 18A.
[0138] Next, a particular construction of a fourth pre-
ferred embodiment will be described, with reference to
Fig. 2, Fig. 20 and Fig. 21. Fig. 20 shows the relationship
between the first and second rack-and-pinion mecha-
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nisms 15A and 15B inside the firstand second gearboxes
24A, 24B on the rack shaft 14 (shown in vertical section
in the figure and with its central part truncated). Figs. 21A
and 21B show two motor torque fluctuation characteris-
tics (a), (b) corresponding to the first and second rack-
and-pinion mechanisms 15A and 15B, and Fig. 21C
shows these motor torque fluctuation characteristics (c)
combined.

[0139] AsshowninFig. 2, the gearboxes 24A, 24B are
disposed in left and right locations in the axial direction
of the rack shaft 14. The first gearbox 24A is a gearbox
connecting to the pinion shaft 12a at the bottom of the
steering shaft 12. The second gearbox 24B is a gearbox
for incorporating the second motor 19B into the two-mo-
tor electric power steering apparatus 10 (see Fig. 1).
[0140] The first and second motors 19A, 19B are con-
nected to the first and second first gearboxes 24A, 24B
by the first and second power transmission mechanisms
18A, 18B. As shown in Fig. 1, auxiliary steering torques
are applied by the rotational driving forces of the two mo-
tors 19A, 19B to the rack shaft 14, which has steering
road wheels at its ends (the front wheels 17, 17). The
relationship between the pinion gears and the rack gears
in the two gearboxes 24A, 24B on the rack shaft 14 is as
shown in Fig. 20.

[0141] InFig. 20, first and second rack gears 14a, 14b
are formed on the rack shaft 14 in locations correspond-
ing to the two gearboxes 24A, 24B. The first and second
pinion gears 13a, 13b mesh with these two rack gears
14a, 14b. The first pinion gear 13a is the pinion gear fixed
to the pinion shaft 12a shownin Fig. 1. The second pinion
gear 13b is the pinion gear fixed to the pinion shaft 12b
(see Fig. 1) provided inside the second gearbox 24B.
[0142] As shown in Fig. 20, in the meshing relation-
ships of the two rack gears 14a, 14b formed on the rack
shaft 14 and the first and second pinion gears 13a, 13b
corresponding to these rack gears, the first and second
pinion gears 13a, 13b are mounted with their angular
positions essentially staggered by 180° in phase.
[0143] Specifically, in this example, as shown in Fig.
20, the positional relationship is so set that when a tooth
bottom of the first pinion gear 13a is positioned facing a
tooth tip of the first rack gear 14a, a tooth tip of the second
pinion gear 13b is positioned facing a tooth bottom of the
second rack gear 14b. This meshing relationship of the
gear teeth is an example, and as will be discussed in the
following it may be set in any way such that the motor
torque fluctuations originating in torque ripple arising in
the first and second motors become reverse in phase
(staggered by 180°) so that the motor torque fluctuations
cancel out in the rack shaft 14.

[0144] When the positional relationships of the rack
gears 14a, 14b on the rack shaft 14 and the pinion gears
13a, 13b are pre-set as described above, the character-
istics 91, 92 shown in Figs. 21A and 21B arise.

[0145] InFigs. 21A and 21B, the horizontal axis shows
angle and the vertical axis shows torque fluctuation. Ac-
cordingly, when the two motors 19A, 19B operate and
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power is transmitted to the rack shaft 14 by way of the
two pinion gears 13a, 13b and the two rack gears 14a,
14b, in the transmission torque in the first gearbox 24A
the fluctuation characteristic 91 arises, and in the trans-
mission torque in the second gearbox 24B the fluctuation
characteristic 92 arises. Because the positional relation-
ship of the first and second pinion gears 13a, 13b was
setas described above, in the waveform of the fluctuation
characteristic 91 and the waveform of the fluctuation
characteristic 92 the phases are completely opposite.
Consequently, as shown in Fig. 21C, in the rack shaft 14
as a whole, as the torque transmitted, the fluctuation
characteristics 91 and 92, which are opposite in phase,
cancel each other out, the torque ripples are converged,
and a suppressed torque fluctuation characteristic 93 can
be obtained. As a result, it is possible to produce an aux-
iliary steering torque having no vibration.

[0146] With this fourth preferred embodiment, be-
cause in an electric power steering apparatus two motors
having the same capabilities are used to generate an
auxiliary steering torque, by staggering through 180° and
thereby making opposite in phase between the two mo-
tors the phase relationships of the pinion gears and racks
in the rack-and-pinion mechanisms inside the gearboxes
for the respective motors, the torque ripples of the motors
can be canceled out on the rack shaft 14 and vibration
and noise can be eliminated.

[0147] Although in the fourth preferred embodiment
described above the phases relating to the two motors
19A, 19B in the rack-and-pinion mechanisms in the first
and second first gearboxes 24A, 24B were staggered by
180¢, the invention is not limited to this, and alternatively
for example the phases of the motors may be staggered
by 180° by adjusting the relationships of the rotors and
stators in the motors.

[0148] Althoughinthe fourth preferred embodimentan
electric power steering apparatus which is a mechanical
transmission mechanism incorporating a speed reducer
was described by way of an example, the invention is not
limited to this, and may also for example be applied to a
steer-by-wire system from which a mechanical linkage
has been eliminated.

[0149] As described above, with this fourth preferred
embodiment of the invention, because in a steering ap-
paratus having two motors for assisting with steering the
phases of the two motors are staggered by 180°, motor
torque fluctuations originating in torque ripples arising in
the two motors can be suppressed, vibration in the steer-
ing system can be reduced, the steering feel can be im-
proved, and controllability can be raised. And, the need
for the torque fluctuations of each individual motor to be
kept small is eliminated, and the outputs of the motors
can be raised at low cost.

[0150] A motordriving method for a steering apparatus
for applying a steering assist force to a steering system
with two motors (19A, 19B). When the two motors are
driven, a first one of the two motors is operated first.
Thereatfter, the other, second motor is driven, whereby
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smooth steering is effected.

Claims

1.

An electric power steering apparatus for use in a
vehicle, comprising:

a plurality of motors (19A, 19B) for applying a
force to steering road wheels (17, 17) in a steer-
ing direction; and

allocating means (250, 350) for allocating aux-
iliary steering forces to the motors,

wherein the allocating means has current allocation
determining means (252, 352) for, when at least one
of the motors has failed, increasing the allocation of
auxiliary steering force allocated to a normal motor,
wherein the auxiliary steering forces correspond to
motor currents allocated to the motors,

the allocating means (350) further comprises current
limit value setting means (353) for setting a current
limit value for the motors to a first current limit value,
and

when at least one of the motors has failed, the current
limit value setting means sets instead of the first cur-
rent limit value the current limit value to a second
current limit value higher than the first current limit
value and the allocating means allocates the motor
currents in correspondence with the second value
through the current allocation determining means,
to which is inputted the second current limit value,
characterized by

detecting means (304) for detecting whether or not
the momentary value of the motor current is larger
than the first current limit value and by timing means
(305, 306) for determining whether the motor current
remains larger than the first current limit value for a
predetermined time (a) wherein if the motor current
remains larger for the predetermined time (a) the
current limit value setting means (353) sets the cur-
rent limit value back to the first current limit value.

Patentanspriiche

1.

Elektrische Servolenkvorrichtung zur Verwendung
in einem Fahrzeug, umfassend:

eine Mehrzahl von Motoren (19A, 19B) zur Aus-
Ubung einer Kraft zum Lenken von StralRenra-
dern (17, 17) in einer Lenkrichtung und

ein Zuweisungsmittel (250, 350) zum Zuweisen
von Unterstitzungslenkkraften an die Motoren,

wobei das Zuweisungsmittel ein Stromzuweisungs-
bestimmungsmittel (252, 352) aufweist, um dann,
wenn wenigstens einer der Motoren eine Stérung
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gezeigt hat, die Zuweisung von Hilfslenkkraft zu stei-
gern, die einem normalen Motor zugewiesen ist,
wobei die Hilfslenkkrafte Motorstromen entspre-
chen, die den Motoren zugewiesen werden,

wobei das Zuweisungsmittel (350) ferner ein Strom-
grenzwert-Einstellmittel (353) zum Einstellen eines
Stromgrenzwerts fir die Motoren auf einen ersten
Stromgrenzwert umfasst und

wobei dann, wenn wenigstens einer der Motoren ei-
ne Stérung gezeigt hat, das Stromgrenzwert-Ein-
stellmittel anstelle des ersten Stromgrenzwerts den
Stromgrenzwert auf einen zweiten Stromgrenzwert
einstellt, der héher ist als der erste Stromgrenzwert,
und das Zuweisungsmittel die Motorstréme durch
das Stromzuweisungsbestimmungsmittel, welchem
der zweite Stromgrenzwert eingegeben wird, ent-
sprechend dem zweiten Wert zuweist,
gekennzeichnet durch

Erfassungsmittel (304) zum Erfassen, ob der Mo-
mentanwert des Motorstroms gréfR3er ist als der erste
Stromgrenzwert oder nicht, sowie Zeitgebermittel
(305, 306) zum Bestimmen, ob der Motorstrom fiir
eine vorbestimmte Zeit (o) gréRer bleibt als der erste
Stromgrenzwert, wobei dann, wenn der Motorstrom
fur die vorbestimmte Zeit (a) grof3er bleibt, die Strom-
grenzwerteinstellmittel (353) den Stromgrenzwert
zuriick auf den ersten Stromgrenzwert- stellen.

Revendications

Dispositif de direction électrique destiné a étre utilisé
dans un véhicule, comportant :

une pluralité de moteurs (19A, 19B) pour appli-
quer une force pour braquer des roues (17, 17)
dans un sens de braquage, et

des moyens d’allocation (250, 350) pour allouer
des forces de braquage auxiliaires aux moteurs,
dans lequel les moyens d'allocation ont des
moyens de détermination d’allocation de cou-
rant (252, 352) pour augmenter |'allocation de
force de braquage auxiliaire allouée a un moteur
normal lorsqu’au moins un des moteurs est dé-
faillant,

dans lequel les forces de braguage auxiliaires
correspondenta des courants de moteur alloués
aux moteurs,

les moyens d’allocation (350) comportent en
outre des moyens d'établissement de valeur li-
mite de courant (353) pour établir une valeur
limite de courant pour les moteurs a une pre-
miére valeur limite de courant, et

lorsqu’au moins un des moteurs est défaillant,
les moyens d’établissement de valeur limite de
courant établissent, au lieu de la premiére valeur
limite de courant, la valeur limite de courant a
une seconde valeur limite de courant supérieure
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a la premiére valeur limite de courant, et les
moyens d’allocation allouent les courants de
moteur en correspondance avec la seconde va-
leur a travers les moyens de détermination d’al-
location de courant, vers lesquels la seconde
valeur limite de courant est introduite,

caractérisé par

des moyens de détection (304) pour détecter si oui
ou non la valeur momentanée du courant de moteur
est supérieure a la premiéere valeur limite de courant,
et, par l'intermédiaire de moyens de synchronisa-
tion, (305, 306), pour déterminer sile courant de mo-
teur reste supérieur a la premiére valeur limite de
courant pendant une durée prédéterminée (a), de
sorte que si le courant de moteur reste supérieur
pendant la durée prédéterminée (a), les moyens
d’établissement de valeur limite de courant (353)
établissent de nouveau la valeur limite de courant a
la premiére valeur limite de courant.
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